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Abstract Prions cause a variety of neurodegenerative disorders 
that seem to result from a conformational change in the prion 
protein (PrP). Thirty-two PrP sequences have been subjected to 
phylogenetic analysis followed by reconstruction of the most 
probable evolutionary spectrum of amino acid replacements. The 
replacement rates suggest that the protein does not seem to be 
very conservative, but in the course of evolution amino acids have 
only been substituted within the elements of the secondary 
structure by those with very similar physico-chemical properties. 
Analysis of the full spectrum of single-step amino acid 
substitutions in human PrP using secondary structure prediction 
algorithms shows an over-representation of substitutions that 
tend to destabilize a-helices. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
The recent epidemic of bovine spongiform encephalopathy 
(BSE) has attracted close attention to the prion proteins (PrP) 
[1]. It is suggested that the prions represent a novel class of 
infectious pathogens devoid of nucleic acids and cause a vari-
ety of sporadic, inherited and infectious neurodegenerative 
diseases: BSE, scrapie, kuru, Creutzfeld-Jakob disease (CJD) 
and some others [1,2]. According to available data, PrP exists 
in two isoforms, as the normal cellular protein (P rP c ) and the 
abnormal disease-related protein (PrPS c). The P r P c secondary 
structure contains ~ 4 3 % of a-helix and ~ 3 % of (3-sheet, 
whereas the |3-sheet content in PrPS c is 30% [3,4]. 
On the basis of some structural findings, the following hy-
pothesis for prion infectivity has been suggested. Exogenous 
prion particles containing PrPS c penetrate into the cells and 
act as templates for promoting the conversion of P r P c into 
PrPS c . The insolubility of PrPS c makes the process irreversible, 
promotes the accumulation of large amounts of PrPS c and 
leads to cell death. Correspondingly, in the case of an inher-
ited prion disease, PrP mutat ions destabilize the conformation 
of P r P c and promote its conversion into PrPS c [2]. 
Four putative a-helices have been identified by computer-
ized analysis of PrP sequences by secondary stricture predic-
tion algorithms optimised for the study of globular proteins: 
amino acids 109-122, 129-141, 178-191 and 202-218 [5]. 
Most of the known point mutat ions associated with inherited 
prion diseases are clustered within or nearby these putative 
a-helices. 
The mouse PrP domain comprising amino acid residues 
121-231 has been analysed using N M R technique. The 
NMR-deciphered structure contains three a-helices (residues 
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144-154, 179-193 and 200-217) and an antiparallel [3-sheet 
(residues 128-131 and 161-164) [6]. 
Due to its intriguing nature, the prion protein is a very 
interesting object for research, the evolution of the secondary 
structure elements being of special interest. 
2. Materials and methods 
Thirty-two sequences of PrP genes have been retrieved from the 
EMBL data bank. Multiple sequence alignment and phylogenetic 
tree reconstruction by the Neighbor-Joining (NJ) method [7] have 
been performed using programs from the phylogenetic analysis soft-
ware package VOSTORG [8]. The average rates of nucleotide replace-
ments have been calculated by Nei's method [9] implemented in the 
software package MEGA [10]. 
Using the software package AMS (P. Morozov, unpublished), we 
have reconstructed the most probable evolutionary spectrum of amino 
acid replacements that have occurred in all branches of the NJ-tree for 
the PrP sequences. Then we have built a distribution for the spectrum 
demonstrating how the frequency of amino acid substitutions depends 
on the physico-chemical distance between the original and resulting 
amino acids. 
In order to reveal potential sites which can be of special importance 
for the preservation of the secondary structure, we have analyzed the 
influence of single-step amino acid replacements in human PrP se-
quence on the secondary structure predictions made with the PRED-
ATOR program [11]. For eachy'th codon we have performed all pos-
sible single-step substitutions and then calculated the percentage of 
positions dj predicted to be in structural state k (a-helix, p-sheet or 
random coil): 
Yj"k 
di=^— (1) 
P0k*m 
Pok is the number of amino acid residues in structural state k in 
normal human PrP; P^ is the number of amino acids residues in 
structural state k in normal human PrP sequence with the (th amino 
acid substitution in the y'th codon; m is the total number of non-
synonymous single-step substitutions in the _/'th codon. 
As the NMR structure has only been determined for the PrP do-
main comprising residues 121-231, and secondary structure prediction 
algorithms unambiguously predict a-helical conformation for residues 
109-122, we have used a combined marked pattern of sites forming 
secondary structure elements. The pattern was as follows: residues 
109-122 (HI) - first putative a-helix; 144-154 (H2), 179-193 (H3), 
200-217 (H4) - a-helices found by NMR; 128-131 and 161-164 (SI) 
- [3-sheet found by NMR. 
3. Results 
The average rates of synonymous/non-synonymous nucleo-
tide substitutions calculated for the time of divergence of the 
main groups of mammals [12] are 4.63 X 10_ 9 /0.60X 10~9 sub-
stitutions per site per annum. These values are close to the 
replacement rates calculated for the a-globin family, 
3 .94X10~ 9 /0 .56X10- 9 [13]. 
The distribution of the substitutions, selected in the course 
of evolution in PrP genes, with respect to the physico-chem-
ical distance for any revealed pair of original and resulting 
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Fig. 1. Distribution of physico-chemical distances between the original and resulting amino acids for the reconstructed evolutionary spectrum 
of amino acid substitutions. (A) Data for sites belonging to the secondary structure elements H1-H4 and SI. (B) Data for the rest of the se-
quences. 
amino acids is shown in Fig. 1. The matrix of physico-chem-
ical distances was retrieved from previous data [14]. The dis-
tribution for the sites belonging to the secondary structure 
elements H1-H4 and SI is shown in Fig. 1A, that for the sites 
not included in these elements is in Fig. IB. One can see that 
the distribution shown in Fig. 1A has an over-representation 
of conservative amino acid replacements with a small physico-
chemical difference (less than 1.5), whereas that in Fig. IB has 
two peaks, one near the distance 1.0 and the other near 3.5. 
According to Miyata et al. [14], amino acid replacements with 
a distance Z>< 1.0 may not cause any significant change of 
tertiary structure over almost all variable sites in the protein 
over a short time interval of evolution. Thus, in the course of 
evolution the secondary structure elements H1-H4 and SI had 
probably been undergoing strong selective pressure against 
amino acid substitutions with large physico-chemical differ-
ences which could distort the conformation of the polypeptide 
chain. 
Fig. 2 shows a plot of the d] values calculated using Eq. 1 
for each amino acid position in the human PrP sequence. As 
can be clearly seen, the amino acid replacements in the puta-
tive helix HI significantly decrease the number of residues 
predicted to be in a-helices. The synthetic peptide correspond-
ing to the HI helix has (3-sheet conformation in aqueous so-
lutions and can induce conformational transition of the syn-
thetic peptide corresponding to residues 129-141 from oc-helix 
to (3-sheet [15]. 
If we analyse a histogram demonstrating how single-step 
amino acid substitutions change the total number of predicted 
ce-helical positions and positions in (3-sheets (data not shown), 
one could see the substitutions tending to decrease the a-helix 
content and increase the (3-sheet content. 
4. Discussion 
Although there is nothing special about the rates and ratio 
of synonymous and non-synonymous nucleotide substitutions 
calculated for the total PrP (the protein does not seem to be 
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Fig. 2. Plot of the dj values for human PrP. Note that residues 1-22 and 232-254 have been removed during biosynthesis. Data for random 
coil are not shown. (A) Data for a-helices. (B) Data for p-sheets. 
as very conservative as, for example, the histones), most ami-
no acid replacements have occurred in the course of evolution 
beyond the secondary structure elements. Furthermore, amino 
acids in these sites have been substituted by those having very 
similar physico-chemical properties. Thus it seems likely that 
radical amino acid replacements in the secondary structure 
elements are not permitted. As the exact function of PrP is 
not yet determined and the protein does not seem to be cru-
cially important for survival [1], it is likely that such con-
straints, rather than preservation of function, prevent amino 
acid replacements capable of shifting conformational equilib-
rium toward accumulation of PrPSc. 
The fact that amino acid substitutions in the secondary 
structure elements of PrP tend to decrease the number of 
predicted a-helical positions and to increase the number of 
positions in p-sheets may additionally favor this hypothesis. 
In other words, the context structure of the PrP sequence 
allows the protein to exist in two alternative conformations, 
amino acid replacements increasing the probability of confor-
mational transition PrPc-»PrPS c. The results on HI site are 
of particular interest as the replacements there dramatically 
increase the number of predicted P-structures. Because the 
synthetic peptide corresponding to this site can convert 129— 
141 peptide into P-sheet conformation, it is tempting to spec-
ulate that HI region can play a crucial role in the conversion 
of PrPc into PrPSc. 
The data obtained support the hypothesis that the possible 
mechanism for triggering PrPc -> PrPSc transition may include 
conversion of a-helices to P-sheets. It should be noted that the 
tendency to an over-representation of amino acid replace-
ments decreasing the 'a-potential' is observed despite the rel-
atively low sensitivity of secondary structure prediction algo-
rithms. Therefore, it would be reasonable to anticipate that 
the 'in vivo' percentage of substitutions destabilising the con-
formation of PrPc could be considerably higher. 
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